I N T R O D U C T I O N W
hat does " N M R " mean to you? As a spectroscopist, you probably think of nuclear magnetic resonance as a type of spectroscopy in which the sample is placed in a magnetic field and transitions are observed in the radiofrequency (rf) region of the spectrum. But an organic chemist thinks of N M R as arguably one of the two most important tools for elucidation of molecular structure. A physical chemist may see N M R as a method for obtaining valuable information on molecular dynamics. A structural biologist thinks of N M R as one of only two methods (X-ray crystallography is the other) for obtaining precise three-dimensional structures of proteins and other macromolecules. A materials scientist views N M R as a technique for obtaining information about the composition of heterogeneous substances. A neurosurgeon thinks of N M R as the method of providing exquisitely detailed three-dim e n s i o n a l i m a g e s of the h u m a n brain. Like the song "That's What Happiness Is", N M R is "different things to different people".
In recognition of major discoveries made about 50 years ago, this issue of Applied Spectroscopy emphasizes m a g n e t i c r e s o n a n c e --b o t h N M R and electron spin resonance (ESR). In this article, I will focus attention on some of the physical background that made these discoveries possible and describe the basic discoveries of both N M R and ESR methods. I will then deal specifically with N M R and illustrate its development by highlighting a few early discoveries (primarily in the 1950s) and indicating how each led to the development of a major aspect of today's NMR.
The 50th anniversary of the Nobel Prize-winning experiments by Purcell, Torrey, and Pound I and Bloch, Hansen, and Packard 2 has spawned a number of commemorative publications. The Encyclopedia of Nuclear Magnetic Resonance 3 devoted one of its eight volumes entirely to the history of NMR, including a long overview article, 4 as well as 200 short articles written by many of the pioneers in the field. With the permission of the publisher, I have drawn heavily from this historical volume for this article. Other historical presentations 5-7 have also been very helpful in the preparation of this review.
T H E P H Y S I C A L BASIS OF M A G N E T I C R E S O N A N C E
The results of optical spectroscopy during the early decades of this century played a critical role in the whole development of quantum theory, and in a very real sense, optical spectroscopy was the forerunner of both ESR and NMR. Physicists in the 1920s were elated with the suc-cess of quantum theory in explaining a number of phenomena that had defied understanding within the framework of classical mechanics. In particular, the existence of discrete lines in the absorption and emission spectra of atoms and the spacings of those lines could be understood conceptually and in some instances explained quantitatively. But as spectral resolution improved and spectra of additional atomic species were studied, some disturbing observations were made. Closely spaced doublet spectral lines were found that could not be explained by the old (Bohr) quantum theory. In 1925 Uhlenbeck and Goudsmit 8 introduced the concept of a spinning electron, with resultant angular momentum (quantized as lab) and a magnetic dipole moment associated with the spinning electrical charge. The existence of electron spin, grafted onto the Bohr theory and later onto the Schr6dinger/Heisenberg formulation of quantum mechanics, could account for these splittings, but still smaller splittings ("hyperfine structure") required the postulation by Pauli of a nuclear spin. Meanwhile, anomalies in the heat capacity of hydrogen led Dennison 9 to propose that the proton has a spin, with an angular momentum of lab. Molecular hydrogen, H2, then would consist of two proton spins oriented parallel to each other (ortho) or antiparallel (para) . The proton spin concept completely accounted for the heat capacity results.
In 1921 Stern and Gerlach ~°,~ had carried out their famous experiment, in which a beam of silver atoms was formed in a high vacuum and passed through a magnetic field, to demonstrate spatial quantization, as illustrated in Fig. 1 . With the concept of intrinsic nuclear and electron spin contributing to magnetic moments, Stern and his collaborators made major improvements to the sensitivity of their beam apparatus in order to be able to detect the much smaller nuclear magnetic moments. In 1933 they were able to measure the effect of nuclear spin by deflection of a beam of hydrogen molecules, for which there is no contribution to the magnetic moment from electron orbital angular momentum. ~2.~3 Thus the nuclear magnetic moment of the proton (and in a separate experiment the magnetic moment of the deuteron from D2 molecules) could be determined. However, accuracy was not high, since molecules with different velocities move in somewhat different trajectories, and the detected spots are smeared out.
NMR IN MOLECULAR BEAMS
During the early 1930s I. I. Rabi's laboratory at Columbia University became a major center for atomic and molecular beam studies. In 1936 Rabi and his colleagues measured the moments for hydrogen and deuterium to about 5%] 4 but greater precision was needed to permit interpretation of the moments in terms of nuclear structure. A breakthrough in the precision of measurement came with the introduction of resonance methods. ~5 The signal from LiC1 shown in Fig. 2 is really the first reported nuclear magnetic resonance. It results from a drop in detector intensity as the beam is defocused on passage through the resonance condition. Rabi et al. correctly noted that "The method is capable of very high precision and extension to a large number and variety of nuclei". In 1944 Rabi was awarded the Nobel Prize for his extensive and important work on molecular beams, especially the resonance method.
But there is a little more to this study of the first nuclear magnetic resonance in a molecular beam. Rabi and his colleagues had refined beam methods, and in his 1937 theoretical paper, "Space Quantization in a Gyrating Magnetic Field", Rabi treated a field that was oscillatory in time as a simplification to the actual case of molecules moving through fields which varied in space rather than time. 16 This paper provides formulas that were later directly applicable to resonant behavior, but the theoretical transition probability was written in a form that obscured its resonant nature, and the subsequent averaging over velocities eliminated sharp res-onances. In fact, the word "resonance" does not appear in the paper. Apparently Rabi did discuss with colleagues the possibility of using oscillatory magnetic fields, but no experiments were done or even planned for some months.
It is clear that the stimulus for attempting such resonance studies came from a visit by a Dutch physicist, C. J. Gorter, to Rabi's lab in September 1937. ~7,j8 Rabi's apparatus at that time was configured so as to be able to measure the magnitude of the magnetic moment in one experiment, using two magnets (A and B in Fig. 3 ) and its sign in a separate experiment, where a third inhomogeneous magnet (C) was inserted. Gorter asked the crucial question about why transitions could not be induced more efficiently by resonant absorption of rf energy in a homogeneous magnetic field placed between the A and B magnets of Fig.  3 instead of the inhomogeneous magnet C. While Rabi may well have had the general idea of the value of a resonance experiment, Gorter's suggestion prompted immediate action. Two days after his visit, modifications to the apparatus had begun, to test the resonance approach, and in a few months the first resonance had been observed.
NMR IN SOLIDS: AN UNSUCCESSFUL EXPERIMENT
Why did Gorter think of the idea of resonance in the molecular beam study? Because he had already tried, unsuccessfully, to observe NMR in a bulk material in 1936. Gorter apparently realized that, in Rabi's beam method, such rf absorption would cause interchange of the spin orientations in both components of the beam, so the effect of the resonance absorption would be additive in reducing the signal from the focused beam on its target, whereas in his own unsuccessful experiment, on the other hand, only the difference between populations was effective in energy absorption from the rf field.
Of course, all spectroscopic experiments in ordinary bulk materials APPLIED SPECTROSCOPY 17A focal point
FIG. I. Schematic representation of the experimental arrangement for the Stern-Gerlach experiment.
depend on the difference between the populations in the energy levels between which the observed transition occurs. However, in magnetic resonance, the levels are so close together in energy that a Boltzmann distribution at room temperature and normally accessible magnetic fields m
FIG. 2. The first demonstration of a nuclear magnetic r e s o n a n c e in a molecular beam. 75
shows an excess population in the ground level of only 1 in 105 or less. Since spontaneous emission is negligible in the rf region, only nonradiative relaxation processes are effective in establishing a Boltzmann equilibrium when the sample is first placed in a magnetic field, and only relaxation restores equilibrium once it has been disturbed by an absorption. Ultimately the rf energy that is absorbed appears, via relaxation, as a tiny amount of heat in the sample. Fifty years ago relaxation processes were a complete mystery, and, as we shall see, even the order of magnitude of the spin-lattice relaxation time T~, which governed the rate of attainment of equilibrium, was in great doubt. Gorter's approach in 1936 had been to use the resonance property of the nuclear spins when they are placed in a magnetic field B0. Gorter knew from the Larmor relation v0 = ('V/2~)B0 that at this resonance frequency a magnetic dipole transition should occur if an alternating (radio-frequency) field B~ is applied perpendicular to B0. Gorter used a static field in which B0 could be varied up to 1.4 teslas and applied a 20-MHz Bj field to induce resonant transitions. His plan was to detect the heat produced
Fie. 3. Schematic representation d the apparatus for Rabi~ molecular beam experiments. Magnets A and B are electric wires that produce inhomogeneous magnetic fields. The third magnet, C, also made of electric wires, was initially introduced to measure signs of magnetic moments. Later, magnet C was changed to a homogeneous field for resonance studies.
by resonant absorption in the sample by using a sensitive calorimetric method that he had successfully employed in studies of electron paramagnetic relaxation. He looked for ~H resonance in KAl(SOa)2.12H20 and for 7Li in LiE both pure crystalline materials, at 14-20 K. Gorter expected a temperature rise of 0.3 ° per minute, which was about 100 times as large as his limit of detection, provided that the Boltzmann equilibrium was established and maintained. Unfortunately, Gorter observed no heat absorption from the resonant process and concluded that a long spin-lattice relaxation time caused the spin system to be partially saturated when rf energy was absorbed. In retrospect, it appears that Gorter's choice of samples that he described as "very pure" prevented relaxation by paramagnetic impurities, and his decision to work at very low temperature exacerbated the problem of long values of T~. While his experiment was unsuccessful, Gorter did publish the resuit. ~9 His main contribution may have been to focus attention on the potential utility of resonance methods.
T H E D I S C O V E R Y O F N M R IN B U L K M A T E R I A L S
While Rabi's successful N M R in a molecular beam was a major ad-vance in physics, there were severe limits to what could be done, and it appeared for some time, as a result of Gorter's failed attempt in 1936 (as well as a later try with a different apparatus in 1942), 2° that the observation of N M R in a bulk material (solid or liquid) might be impossible, largely because of long relaxation times. That all changed at the end of World War II, when physicists began turning their attention from wartime efforts on radar and atomic bombs to fundamental nuclear physics. In September 1945, at MIT, three physic i s t s -E d w a r d M. Purcell, Henry C. Torrey, and Robert V. P o u n d --d ecided that it might be feasible to detect by rf methods the transition between nuclear magnetic energy levels. Purcell looked unsuccessfully for a suitable magnet at MIT, but he was able to arrange to use a large magnet at Harvard that had previously been employed for cosmic ray research. Thus it came about that the first N M R signals eventually were obtained at Harvard, even though all three authors were e m p l o y e d by MIT. B e c a u s e they were so engrossed with microwave technology, they elected to build a cavity resonant at 30 MHz, rather than use more conventional electronic components. The cavity was enormous by later N M R standards, about 12 cm in diameter and 8 cm long, and could accommodate an 850-mL sample.
As preparations for the experiment moved ahead, the collaborators' principal concern related to the totally unknown spin-lattice relaxation time. Some estimates based on first-order interactions between nuclear spins and lattice phonons suggested that the relaxation time could be as long as 106 years! However, Torrey estimated that second-order processes might reduce the relaxation time at room temperature to as little as one hour. After filling the cavity with about 1 kg of paraffin wax, Torrey and his colleagues carefully balanced the bridge circuit and looked for an unbalance that would indicate passage through resonance as they varied the magnetic field while applying a fixed rf of 30 MHz. In two separate attempts they almost missed the resonance, since their calibration of magnetic field relative to magnet current was in error. But with a wider search range, they saw the meter move and observed the first N M R in a bulk material. When they removed the sample from the magnet and replaced it, they found that the signal was just as large, thus demonstrating that the relaxation time was orders of magnitude shorter than expected.
Meanwhile, Felix Bloch, a physicist who was well known and widely admired for earlier accomplishments, returned to Stanford from wartime APPLIED SPECTROSCOPY 19A focal point
FIG. 4. Schematic representation of a macroscopic nuclear magnetization M precessing about the magnetic field along the z-axis after being tipped away from its equilibrium position along z by a radio-frequency field Hi.
research at the Radar Research Laboratory (RRL) at Harvard and reestablished an academic research program. With the experience in rf techniques that he had acquired at the RRL, he believed that the transitions of nuclear magnetic moments in a resonance experiment could be detected in a simpler way than by measuring the deflection of a molecular beam. Bloch reasoned that the macroscopic nuclear magnetization that gives rise to the static nuclear magnetic susceptibility would be tipped away from its equilibrium position along the z-axis ( Fig. 4 ) by the resonance absorption of energy from an rf field. The resulting magnetization, precessing about the applied magnetic field Bo, would induce an electrical signal in a coil placed along the x-or y-axis. Bloch formed a collaboration with W. W. Hansen, an electronics expert at Stanford, and recruited a graduate student, Martin Packard. In late September they began to build and assemble apparatus, and by early January, 1946, they were ready to try their experiment. Their electronic setup was considerably different from that used by Purcell, Torrey, and Pound. Rather than looking for a bridge unbalance as energy was absorbed, Bloch, Hansen, and Packard placed the sample in a brass box (called the " p r o b e " ) along with two orthogonal electrical coils, one of which was used to excite the sample with rf, while the second was to pick up the nuclear induction signal as the magnetization precessed after the resonant absorption. Because of Bloch's concern about a possible long relaxation time, they allowed their sample of water to equilibrate in the magnetic field for 24 h. The experience at Stanford was almost a repeat of that at Harvard, 20A Volume 50, Number 11, 1996 with initially no signal in the expected (but miscalibrated) range, and then success as they scanned the field over a larger range. Later the N o b e l C o m m i t t e e r e c o g n i z e d the two discoveries as independent and essentially concurrent. Bloch 
The discovery of electron spin resonance (ESR) [also often called electron p a r a m a g n e t i c r e s o n a n c e (EPR)] actually antedated that of N M R by about a year, but was not widely known since it was carried out at Kazan, Russia during World War II. Physicists at the time were aware of the possibility of observing such a resonance, and a substantial body of knowledge existed on electronic interactions and the mechan i s m of p a r a m a g n e t i c relaxation, whereas detailed mechanisms of nuclear relaxation were unknown. However, E. K. Zavoisky attempted first to detect N M R in Kazan in 1941 and may have observed a weak and nonreproducible signal in May or June, 1941. 2~ Further efforts were cut short by the beginning of hostilities in Russia and the move of several laboratories from Moscow to the more remote Kazan, thereby displacing Zavoisky's laboratory.
When Zavoisky was able to resume some research in 1943, he turned his attention to the study of p a r a m a g n e t i c relaxation and then moved on to trying to detect electron resonance in both solids and solutions of paramagnetic salts. After he had obtained some dubious results in a solenoid at very low magnetic fields, he built equipment to work in the range of 1 GHz and obtained signals that were reported in his thesis in October 1944. In January 1945 he repeated the measurements at the Institute of Physical Problems in Moscow and published a short paper, 22 which is generally accepted as the first reported observation of ESR.
THE DEVELOPMENT OF NMR
The fundamental discoveries of NMR and ESR sparked a great deal of experimental work to try to understand the fundamental processes involved. The nature of relaxation processes received a huge boost with the work by Bloembergen, Purcell and Pound, 23 which demonstrated the crucial role of Brownian motion in providing randomly varying magnetic or electric fields that could lead to relaxation. While specifically directed towards NMR, the fallout for ESR was significant. Many other fundamental studies could be described, but in the limited space available, I will concentrate only on NMR and describe several important discoveries, which, along with the basic discoveries of NMR in bulk materials, have led to the many current applications of NMR.
THE CHEMICAL SHIFT
All the early work in NMR was based on the assumption that the resonance frequency of a particular nucleus depends only on the applied magnetic field according to the Larmot relation. If this were strictly so, NMR would have remained an investigative method for physicists enlarging the table of precise nuclear magnetic moments, and it would have been of little use in sciences such as chemistry and biology. However, it was fortunately observed as early as 1950 that NMR spectral frequencies of a particular species of nuclei in different chemical environments, whether in the same or different molecules, may be different and that the difference depends upon the molecular structure. This displacement is referred to as the chemical shift.
The first observation of the chemical shift is a classical case of acci-
FtG. 5. An oscilloscope presentation of the three chemically shifted lines in ethanol 28
dental discovery. In order to determine the magnetic moment of 14N more precisely, Proctor and Yu 24 decided to use ammonium nitrate, NH4NO3, primarily because of the high solubility of the compound in water and the fact that it possesses two nitrogens per molecule, both factors expected to enhance the NMR signal. However, a saturated solution in water produced two strong lines instead of one. About the same time, Dickinson 25 noticed similar effects for ~gF in a variety of fluorine compounds, Lindstrom 26 found differences in the ratios of the nuclear magnetic moments of 2H and ~H in two different compounds, and Thomas 27 reported the observation of proton chemical shifts between different compounds such as H2, water, and mineral oil.
The most dramatic demonstration of the chemical shift, and the real birth of "high-resolution NMR", was the observation by Arnold, Dharmatti, and Packard 28 of separate lines for chemically nonequivalent protons in the same molecule--first acetic acid and then ethanol--as shown in Fig. 5 . The separation of the chemically shifted lines was found to be field-dependent and was only a few parts per million for protons. It was only with very small sample volumes and substantial em-pirical searching in the magnet for a homogenous spot that the separation of the spectral lines could be observed. For ethanol, three spectral lines corresponding to the three different chemical groups, CH3, CH2, and OH, with relative intensities 3:2: 1, were observed. This discovery really set the stage for the chemical applications of NMR, since it illustrated the ability of NMR to detect the presence or absence of particular groups of protons in the molecule, and the relative intensities provided a measure of the relative numbers of protons of each type.
The discovery of the chemical shift had a profound influence on the direction that NMR was to take, since chemists began to recognize its potential. During the early to mid-1950s a solid foundation for the use of NMR in chemistry was erected. Herb Gutowsky's group in the Chemistry Department at the University of Illinois initiated efforts in 1950 to correlate chemical shifts with molecular structure. 29,3° Their ~H studies were summarized in the empirical correlation shown in 
FIG. 6. Correlation chart for proton chemical shifts in various organic functional moieties. 3°
as the basis of every other proton chemical shift correlation developed with additional data in subsequent years, and it was a model for other nuclei such as J3C. It gave organic chemists the same type of feeling for the use of chemical shifts as a measure of molecular structure as the Colthup chart had provided for infrared spectroscopic data a decade earlier. Both types of correlations were undoubtedly oversimplified, but they provided an overall guide to the interpretation of the spectral data.
N M R : A T O O L F O R C H E M I C A L S T U D I E S
The discovery of the chemical shift was soon complemented by the equally important (and equally serendipitous) discovery of unexpected splittings in several resonances, 24 which was shown by Gutowsky and McCall to result from indirect spinspin coupling, i.e., the interaction between magnetic nuclei mediated by electrons in chemical bonds, 31 and was explained theoretically by Ramsey and Purcell. 32,33 Thus, the groundwork was laid for applications of N M R to chemistry, and the next two decades of N M R development were largely dominated by chemical applications of NMR. As Martin Packard, one of the discoverers of NMR, put it:
To borrow a phrase from a writer for Eastman Kodak: "Chemists got the point v e r y quickly, thanked the physicists, and took over." 34 An important factor responsible for the widespread and rapid advances of N M R in chemistry during the 1950s was the commercial availability of a high-resolution spectrometer and the rapid progress in improvement of N M R instrumentation. Soon after the discovery of nuclear induction, Russell Varian sensed the commercial potential of the technique for c h e m i c a l a n a l y s i s --a r e m a r k a b l e leap of faith, since the only published spectrum at the time was that of water, and the discovery of the chemical shift was still years away. He persuaded Bloch and Hansen to is based on the fact that the various isotopes of the elements can be separately identified according to their differing nuclear gyromagnetic constants, lust as there is a certain mass and dectric charge associated with each isotope, so there is a spin, or angular momentum, associated with each isotope, it has been found that all those isotopes whose spins do not have the value zero also possess a magnetic moment --that is, each behaves as though it were a tiny magnet with a well-defined, unique magnetic strength. The ratio of themagnetic moment value to the spin value., which is a constant for a given atomic nucleus, is called the gyro-magnetic ratio for that particular nucleus.
The fact that these ratios dil~cr from isotope to isotope permits separation and identification according to the scheme of n-m-r
Spectroscopy.
It will become evident further on that a special version o£ this new kind of SpectroscopymHigh Resolutionmreprescnts a penetrating new method for, among other things, determining molecular structure and identifying and measuring components in a mixture.
FIG. 7. Portion of the first issue of the Varian "Technical Information" bulletin.
apply for a patent before the end of 1946 and to assign it to the not-yetincorporated Varian Associates. For the 17-year life of this patent, Varian Associates was virtually the only company supplying high-resolution NMR equipment, and their continual improvements in magnet homogeneity and stability, along with the introduction of improved rf electronics, made possible the rapid development of NMR as a tool for applications of NMR to chemistry.
Steps were taken to familiarize organic chemists with the potential of NMR for the elucidation of molecular structure. A publicity campaign was initiated by widespread circulation of the bulletins Technical Information from the Radio Frequency Spectroscopy Laboratories of Varian Associates. The reports included information on instrumental developments and showed new spectra. Figure 7 shows a portion of the first bulletin, dated July, 1953, which heralds "A New Kind of Spectroscopy: High Resolution nemer". The ter-minology represented a deliberate decision to de-emphasize the word "nuclear" and emphasize the term "spectroscopy" in an effort to capitalize on the popularity of infrared (IR) spectroscopy. However, in an attempt to carve out some independence from IR, peaks were shown pointed up, rather than down as in IR, in what was to become a universal format for high-resolution NMR spectra. Figure 8 illustrates some of the "typical proton signals" shown in this issue as photographs of oscilloscope traces.
It is a far cry from these early NMR spectra to the 750-MHz highresolution data seen today, and many advances in instruments and techniques were to become available. But the path was set by these early discoveries.
NMR EXCITATION BY RADIO-FREQUENCY PULSES
Almost all the early NMR observations were made in the same man-ner as in the initial experiments at Harvard and Stanford--by sweeping the magnetic field while applying continuous wave (cw) power at a fixed radio frequency, a means of obtaining NMR spectra that dominated the field for 25 years. Nevertheless, very early in the history of NMR another approach was introduced and developed with very important consequences. This method involved the use of short pulses of radio-frequency power applied to excite the nuclear spins. Bloch 35 initially suggested this approach in 1946, but surprisingly there was no effort at Stanford to try this means of excitation. However, at the University of Illinois, Erwin Hahn measured spin-lattice relaxation times in the range of milliseconds by applying pulses of high rf power and short duration, which permitted the magnetization to precess freely between pulses--apparently the first experimental application of Bloch's proposal. 36 For almost two decades, the use of APPLIED SPECTROSCOPY 23A focal point
Fie. 8. NMR Spectra obtained in 1953 as illustrations of the state of the art.
short rf pulses and observation of N M R by free induction decay (FID) signals was limited to observations by physicists of solids with one broad N M R line, whereas the observation of multi-line spectra from most molecules in liquids and solutions continued to be carried out by sequentially scanning the magnetic field (or, alternatively, the radio frequency in a fixed magnetic field). Sensitivity remained low, and nuclei with small magnetic moments and/or low isotopic abundance (such as 13C) could be investigated only with great difficulty. High-resolution spectra were obtained by slow scan, so that the time-averaging computers then coming into use were largely limited in applicability to the relatively small n u m b e r of repetitions that could be obtained in an overnight run. Meanwhile, most of the N M R technology using powerful rf pulses remained largely in the physicist's armamentarium and appeared to be inapplicable to the multi-line spectra characteristic of virtually all interesting chemical systems. Fourier t r a n s f o r m m e t h o d s changed all that. It had been known since 1957 that the cw spectrum could in principle be obtained by Fourier transformation of the free induction decay f o l l o w i n g an rf pulse, 37 but only after the landmark paper by Ernst and Anderson in 1966 did Fourier transform methods come into use. 38 Ernst and Anderson showed how the central problem of low sensitivity could be alleviated by obtaining an FID in about one second and coherently time averaging to improve signal-to-noise. The development of FT N M R as a practical method in the 1970s owes much to the availability of on-line computers, however primitive they may seem by current standards.
The multiplex advantage of using FT methods to obtain a broad freq u e n c y range was already well known in infrared spectroscopy (Felgett's advantage), and far-infrared spectra were being obtained routinely by Fourier transformation of the response from a Michelson interferometer. Richard Ernst presented the first FT N M R results at the Experimental N M R Conference in Pittsburgh in February 1965 and drew a mixed response. Some N M R spectroscopists, including those who understood the concept from infrared spectroscopy, appreciated the potential, while others treated it as an interesting but impractical technique for NMR. Nevertheless, as Ernst says, 39 We decided to publish in the Journal of Chemical Physics. Without success, the paper was rejected twice, being too technical and not of sufficient originality. We submitted then the paper to Review of Scientific Instruments on 9 July 1965 where, after a further revision, it got finally accepted on 16 September 1965. 38 Fourier transform methods revolutionized the development of NMR, and after only a few years the development of two-dimensional FT N M R led to a second, and even more important, revolution. The concept of two-dimensional N M R was first articulated by the Belgian physicist Jean Jeener at an A M P E R E Summer School in 1971. The initial idea of 2D N M R grew out of Jeener's studies of spin-lattice relaxation in liquid crystals. This work led to the proposal of a simple sequence of two 90 ° pulses separated by a time t~, which would be incremented between experiments, just as in numerous other pulse sequences that were already in use for such purposes as measuring relaxation times and obtaining spin echoes. The difference was that Jeener proposed to Fourier transform not only the FIDs following the second pulse but also to carry 24A Volume 50, Number 11, 1996 out a second Fourier transform with respect to the time variable tl. He showed that transfer of coherence as a result of the second 90 ° pulse would lead to cross-peaks in a twodimensional frequency plot. He tried to verify the theory experimentally but met with only partial success: 40
We tried to observe the effect experimentally on ethylbenzene, spending weekends working with the rather primitive FT spectrometer available in Organic Chemistry at our University. Due to bad phase stability of this spectrometer, and to our total lack of practice of high-resolution NMR, Gerrit Alewaeters could only observe some of the strongest cross-peaks of the 2D spectrum with a signalto-noise ratio just high enough to confirm that our quantum mechanical predictions were correct (not really a surprise ...), but too low to make the new technique look very usable. Formal publication was deferred until cleaner experimental confirmation would be available, but I kept spreading the idea by personal contacts, lectures (probably for the first time at the AMPERE Summer School in Basko Polje in 1971), and by circulating "unpublished" notes written in November, 1971.
One of Richard Ernst's students attended this Summer School and brought back detailed notes on Jeener's talk, which he discussed with Ernst, who quickly recognized the potential of this approach. He and his students carried out calculations to verify and probe the new idea, but Ernst initially planned no experiments because he considered 2D spectroscopy as "Jeener's property" and waited for his results to be published. In 1973, Emst corresponded with Jeener, who showed him a rough draft of an unfinished paper (which was never published). Eventually, Aue, Bartholdi, and Ernst published a definitive paper on the concept of 2D NMR and the way in which such experiments could be carried out. 41 Ernst's seminal work in Fourier transform NMR, in both one and two dimensions, earned him the Nobel Prize in Chemistry in 1991. Again, advances in computer hardware and software proved critical to the rapid development of 2D (and later 3D and 4D) NMR as widespread methods for disentangling complex NMR spectra. Today 2D NMR has become another routine method, with the hundreds of different 2D pulse sequences providing a vast array of information on nuclear spin systems.
THE OVERHAUSER EFFECT
An early discovery that upset the prevailing theories of thermodynamic equilibrium was the discovery by Albert Overhauser of the effects of polarization of electron spins on NMR signals. In 1953 he proposed a theory predicting that a small change in the populations of electron spins (~1%) in a metal would lead to a change in nuclear spin polarization of nearly 2000%! Overhauser's presentation of this work at a meeting of the American Physical Society caused an uproar. The eminent NMR physicist Anatole Abragam 42 assessed the situation in the following words:
Overhauser's audience at the meeting of the American Physical Society-where he had (in ten minutes) presented the calculations which had led to his amazing conclusion--was immediately split into two parts, which, however, overlapped: those who did not understand a single word of his demonstration, and those who did not believe a single word of his conclusions. In the first row of the sceptics who did not believe his conclusions shone all the stars of magnetic resonance: Bloch and Purcell, Rabi and Ramsey. Bloembergen was of two minds and so was I.
Nevertheless, Overhauser's theoretical proposal was published, 43 and later experimental studies by Carver and Slichter completely verified the theory. 44 In 1955, the idea of the Overhauser effect was extended to the inter-action between two nuclei, rather than an electron and a nucleus, by Ionel Solomon, who developed a general theory for changes in the intensity of NMR lines in a two-spin system when one of the spins is subject to a perturbing rf field. 45 Application of this nuclear Overhauser effect (NOE) was neglected for a decade and then applied to the structural elucidation of small organic molecules. However, its greatest utility, beginning in the 1980s, has been in the determination of the three-dimensional structure of proteins. Until then, only X-ray crystallography could provide that information, and then solely for molecules that formed crystals of suitable quality. Moreover, X-ray crystallography, while clearly still the "gold standard" for structural determination, is limited to structures formed in the crystal and often fails to provide important information on dynamic processes that alter conformation in solution.
With the development of systematic methods for using 2D NMR to assign each 1H resonance line to a specific hydrogen atom in a protein, largely by Kurt Wtithrich and his collaborators, 46 and the invention by Ad Bax of powerful 3D and 4D methods to extend the work to larger proteins, 47 NMR provided the key data needed to establish the structure of proteins by locating its atoms in space. The critical information on interatomic distances between nonbonded protons as the protein assumes that its secondary and tertiary folded structure comes from the NOE. The use of NMR to determine protein structures is now one of the most important methods used in the rational design of drugs.
MAGIC ANGLE SPINNING AND HIGH-RESOLUTION NMR IN SOLIDS
NMR lines in solids are inherently broad because of magnetic dipolar interactions between nearby nuclei and because chemical shieldings are anisotropic and thus display a wide range of chemical shifts in a material in which the molecules are fixed in APPLIED SPECTROSCOPY 25A focal point space. These interactions depend on the quantity P = (3 cos2~b -1), where + is a measure of orientation relative to the applied field. Rapid tumbling of molecules in liquids averages P to zero and leads to sharp lines, where chemically shifted resonances can be discriminated. Hence chemical applications focused almost exclusively on the liquid state. However, physicists continued to study solids, especially concentrating on temperature dependence of linewidths as solids undergo phase changes. In order to resolve a paradox concerning observed line narrowing that appeared to contradict well-established theory, Raymond Andrew first thought about spinning solid NMR samples. He and his colleagues developed a method for spinning a solid sample rapidly about an axis inclined at an angle of 54044 ' to the magnetic field 48 (where P = 0), which resulted in a dramatic narrowing of the line and apparent reduction of the magnetic dipolar interactions. These results were reported at the AMPERE Meeting in Pisa in 1960, where Gorter found the removal of dipolar broadening quite remarkable and referred to it as "magic". The technique was henceforth called "magic angle spinning" (MAS). Meanwhile, at Washington University, Irving Lowe worked out the theory of a spinning solid from a slightly different point of view and was also led to the concept of magic angle spinning. 49 After an initial burst of activity, which established the validity of the method, physicists largely turned to other studies, and magic angle spinning was little used and was largely unknown to the chemists who might have applied the method to interesting problems. In addition, magic angle spinning suffered a severe limitation in that the removal of magnetic dipolar interactions between protons, with their large magnetic moment, required unattainably high spinning speeds (-60,000 revolutions per second in some molecules). Before MAS could be applied, some other method was needed to remove such dipolar couplings, and this method grew out of a concept developed by Hartmann and Hahn, 5°,5~ who showed that dipolar interactions between protons and "dilute" spins such as ~3C or 15N at natural abundance can be removed and polarization from protons can be transferred to the dilute spins to enhance their sensitivity. The Hartmann-Hahn technique was advanced substantially and converted to a practical method for measuring ~3C NMR in solids by Alex Pines, then a graduate student with John Waugh. 52 This method of cross polarization (CP) represented a major advance, but the CP spectra remained broad because of the chemical shift anisotropy of ~3C. Innovative experiments by Schaefer and Stejska153 that combined CP with MAS provided the ultimately successful technique for observing highresolution spectra in the solid state of ~3C, 15N, and other nuclei of low sensitivity and low natural abundance.
The CP-MAS method is not able to remove dipolar interactions between nuclei of the same type, such as two protons. A very different approach, using a cycle of several very short pulses, was shown by John Waugh et al. to meet the needs, 54 and subsequent work in his laboratory and those of Peter Mansfield and Bob Vaughan resulted in practical pulse methods to obtain high-resolution ~H spectra in solids. Although the theory is much more complex, the result can be pictured as moving the effective magnetic field about the spins at the magic angle in "spin space". Further work by Bernie Gerstein and others brought together MAS and the multiple-pulse linenarrowing methods to produce "CRAMPS" (combined rotation and multiple pulse spectroscopy). 55 CP-MAS and CRAMPS are now in widespread use to investigate the spectra of all sorts of solid materials, and they are used in conjunction with imaging methods, as described below, to study the composition and structure of heterogeneous solid materials.
NMR IMAGES FROM MAGNETIC FIELD GRADIENTS
Magnetic field gradients have always been of importance in NMR. Early efforts were directed entirely toward minimizing such gradients in order to produce the largest feasible volume within the magnetic field that has adequate homogeneity for high-resolution NMR. With the development of suitable electric "shim" coils to generate gradients up to fourth order in various directions, it was possible to compensate for many of the unwanted gradients of a large magnet and to achieve high overall homogeneity. Within this homogeneous field, it then became possible to deliberately apply a gradient (almost always linear) in a particular direction to permit the acquisition of certain information. For example, in the 1950s the Carr-Purcell pulse sequence for producing a train of spin echoes 56 could be used to measure molecular diffusion if a known linear field gradient was applied, a process that was improved by using a pulsed gradient, applicable only for a short, fixed period? 7 Gabillard examined the NMR signal in simple glass and liquid structures on which a one-dimensional gradient was imposed, 58 and Waiters and Fairbank 59 used a field gradient to detect phase separation between 3He and 4He. All these applications depended on the spatial variation of the NMR signal along a one-dimensional gradient.
In September 1971, Paul Lauterbur conceived the idea of using magnetic field gradients in a more elegant way--to obtain 2-or 3-dimensional spatial information about the distribution of magnetic nuclei in a sample placed inside an NMR coil and thus to create a "picture" of the object by NMR. The Larmor relation Vo = (y/2'rr)B,, ensures that the NMR frequency will precisely monitor the magnetic field B,, at the nucleus, so that a linear gradient G can be applied in direction x, along with the large static field B0, v = ("//2"n)B0(1 + Gx)
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FIG. 9. (Top) Schematic representation of the use of back-projection to reproduce a two-dimensional image from several one-dimensional projections. (Bottom) ~H NMR image of the cross sections of two tubes of water, obtained by reconstruction from four NMR scans with magnetic field gradients in different directions. 6°
and the observed frequency then measures the value of x. Lauterbur realized that the homogeneity controis on an ordinary NMR magnet could be adjusted to provide a linear gradient in any one of the three orthogonal directions x, y, or z, and by using combinations of these Cartesian gradients, the overall gradient could be set in any chosen direction. His first example, 6° two small tubes of water in an ordinary analytical NMR spectrometer, showed crosssectional images that are reproduced in Fig. 9 . Lauterbur's motivation for developing an NMR imaging method lay in a desire to examine tissues in vivo in humans and animals, and much of the development of NMR imaging has been pushed by biological and eventually medical applications.
However, another early foray into NMR imaging came in 1972 from Peter Mansfield, who had pioneered multiple-pulse methods for narrowing NMR lines in solids. He thought that very large magnetic field gradients might permit diffraction effects that could be used to measure atomic positions in a solid. ~1 After hearing of Lauterbur's work, he redirected his efforts also to biological samples and produced early images of a human finger 62 and eventually developed a rapid imaging method (echoplanar imaging) that is only now beginning to come into wide use. 63 Meanwhile, Richard Ernst, also inspired by a presentation by Lauterbur in 1974, realized that the 2D and 3D NMR methods he was then beginning to develop could be used to produce images if three orthogonal linear magnetic field gradients, Gx, Gy, and G z, were applied in succession, with the FID being acquired during the third gradient. 64 As in 2D and 3D NMR spectroscopy, two (or three) Fourier transformations then produce a two-(or three-) dimensional image. Ernst's method, with improvements introduced later by others, is the most common of several techniques now used to produce NMR images.
Thousands of human-size wholebody magnets and associated instruments have become common medical diagnostic devices, and detailed images of the brain, spinal cord, joints, and other body organs are now obtained routinely. Medical imaging has become the economic engine that drives much of the major instrumental advances in NMR, but NMR imaging is increasingly being used to examine all sorts of heterogeneous materials, from food to industrial polymers. Much of this work focuses on small mobile molecules, such as water, just as in medical imaging. However, by combining NMR line-narrowing methods with imaging techniques, it is feasible to image solids, and such techniques are of increasing utility in materials science. 65
SUMMARY
Whether measured from the first NMR resonance in a molecular beam in 1938 or from the discoveries of ESR and NMR in bulk materials in 1945-46, magnetic resonance has had a remarkable history. From its inception in basic physics experiments, magnetic resonance has blossomed into a multi-faceted, multibillion-dollar industry. I have tried to illustrate the richness of the field by highlighting just a few of many important discoveries and by showing how each has led to a major area of application. Meanwhile, basic scientific work in NMR continues, and almost every year produces some significant unforeseen conceptual advance. As pointed out by Cecil Dybowski in the editorial in this issue, Jonas and Gutowsky 66 referred in a 1980 review to NMR as "evergreen"--an apt description of a vibrant and continually self-renewing discipline.
